Room temperature coherent spin-alignment of silicon vacancies in 4H- and 6H-SiC 
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Optically induced inverse population of the ground state spin sublevels of the silicon vacancies 
in silicon carbide (SiC) at room temperature was observed for the first time, making them a very 
favorable defect for spintronics and quantum information processing. Room temperature transient 
nutations of the silicon vacancy spin in SiC after optical flash clearly demonstrate that the probed 
silicon vacancy spin ensemble can be prepared in a coherent superposition of the spin states. Very 
long coherence times of >80 fis were obtained at room temperature in our experiments even in 
crystals with high concentrations of the silicon vacancies. Two opposite schemes of the optical 
alignment of the populations between the ground state spin sublevels of the silicon vacancy are 
revealed in 4H- and 6H-SiC at room temperature upon illumination with unpolarized light. 

PACS numbers: 61.72.Hh, 71.55.-i, 76.70.Hb, 61.72.jd 
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Detection and manipulation of the spin states in solids 
at room temperature is a basis of the emerging fields of 
quantum information processing and spintronics. The 
first system on which such manipulations were realized 
at room temperature was the nitrogen- vacancy (NV) cen- 
ter in diamond. Owing to its unique optical excitation 
cycle that leads to the optical alignment of triplet sub- 
levels of the defect ground state, single NV center can 
be easily initialized, manipulated and readout by means 
of optically detected magnetic resonance (ODMR)i"— . A 
search for systems possessing unique quantum properties 
of the NV defect in diamond that can extend the func- 
tionality of such systems seems to be a very promising 
objective. 

On the basis of theoretical predictions and experi- 
mental data several other centers were proposed as the 
candidates comparable with the NV center in diamond. 
Among them such centers as nitrogen-vacancy center— i^, 
silicon-carbon divacancy^i^ and silicon vacancy (Vsi)^^ 
in silicon carbide were proposed. Recently it was experi- 
mentally shown that several defect spin states in 4H-SiC 
can be optically addressed and coherently control at tem- 
peratures from 20 to 300 K^. 

Silicon carbide is a wide-band-gap semiconductor with 
a well developed growth and doping technology that 
opens wide possibilities for scalable applications. The 
isotopic engineering of SiC crystals can be performed 
through the sublimation crystal growtbii, which allows 
to reduce the natural abundance of ^^Si (4.7%) and ^'^C 
(l.l%)nuclcar spins. SiC can be crystallized in many dif- 
ferent polytypes that arise from differences in the stack- 
ing sequence of the Si and C layers. The most common 
polytypes are 4H- and 6HSiC. In 4II-SiC two nonequiv- 
alent crystallographic positions exist, one hexagonal and 
one quasicubic called h and k, respectively. In 6H-SiC 
three nonequivalent positions are formed, one hexagonal 
(h) and two quasicubic ones (M and fc2) (sec Fig. 1(a) 
and 3(a)). Due to the difference in the surrounding envi- 



ronments, a defect located at the h and k site often has 
different properties. 

Vacancies are the primary defects in SiC incorporated 
at various sites in different polytypes. Both photolu- 
minescence (PL) and electron paramagnetic resonance 
(EPR) spectra of these centers vary depending on their 
position in the crystal lattice. Unusual polarization prop- 
erties of various vacancy defects in SiC were observed by 
means of EPR under optical excitation and reported for 
the first time in the work of Vainer and Il'ini^. Ob- 
servation of the low temperature optical spin alignment 
of the Vsi ground state and zero-field ODMR studies at 
1 .4 K were reported in Ref. fi^] . Here we show that two 
opposite schemes for the optical alignment of the spin 
sublevels in the ground state of a silicon vacancies in 4H- 
and 6H-SiC can be realized even at room temperatures 
and that spin ensemble can be prepared in a coherent 
superposition of the spin states. 

Crystals of two main SiC polytypes were studied in 
the present work: 4H-SiC and 6H-SiC. Silicon vacan- 
cies were introduced by irradiation with fast neutrons at 



room temperature with a dose of 10 cm 



10^ 



The samples, in the shape of platelets, had dimensions 
of about 3x4x0.4 mm"^ and were oriented for rotation in 
the {1120} plane. The concentration of vacancies under 
the study in both samples is '^10^^ cm~'^. The precise 
concentrations arc not required for the following analysis. 

Flash-induced continuous wave (cw) direct-detection 
EPR (DD-EPR) technique was usedH at the X-band. 
The EPR signal obtained after the microwave mixer was 
amplified by wide-band amplifiers and sampled by a box- 
car integrator (SR 250, Stanford Research Systems) trig- 
gered by the flashes. The sample was excited with 6 ns 
flashes (ca. 1.5 mJ per flash) from a parametric oscillator 
LP603 pumped by a Nd-YAG laser LQ 529B (Solar Laser 
Systems, Byelorussia), which was operated at a repetition 
rate of 11 Hz and 0.8 nm FWHM. The high-time resolu- 
tion (ca. 50 ns) allowed signal detection shortly after the 
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FIG. 1. Flash-induced cw DD-EPR spectra recorded at room 
temperature in the 4H-SiC crystal under excitation at the 
wavelength of 890 nm for B|| c and B±c orientations; (bottom) 
cw X-band EPR spectra detected under continuous optical il- 
lumination and in dark with B||c at T = 100 K; (a) Structure 
of the 4H-SiC polytype; (b) Zeeman levels diagram for the 
Vsi ground state (5=1) with the Ms ~ sublevel predomi- 
nantly populated due to the optical alignment; (c) Seven-level 
model interpreting the optical alignment of the ground-state 
sublevels in zero magnetic field. 



excitation laser flash, before any significant relaxation 
between spin sublevels had taken place. To increase a 
signal/noise ratio, up to 50 field scans were averaged. In 
the DD-expcriment the signal appeared in direct absorp- 
tion and emission mode. 

Conventional cw X-band EPR spectra of the silicon 
vacancies detected under continuous optical illumination 
and in dark for B||c orientation at 100 K is shown in 
Fig. 1 (bottom). The central signal, marked by ar- 
row is attributed to the negatively charged Si vacancy 
with S = 3/2, and zero-field splitting parameter D close 
to zeroi^. This signal is optically silent and discussed 
somewhere else^^. Lines with the zero-field splitting pa- 
rameter of 22x10"'' cm-i (65.9 MHz) labeled as V^-^ are 
observed under optical illumination and belong to the 
silicon vacancy. To date the spin state of the Vsi giving 
rise to this splitting is under debate. While we support 
the model of the neutral VjS with 5=1, in Ref. p^] it 
was suggested that such type of EPR spectra belong to 
the low-symmetry modification of the well-studied neg- 
atively charged Si vacancy in the regular environment 
with S=3/2. In our opinion, the authors have not pre- 
sented sufficiently convincing arguments in favor of the 



revision of the model. We will further concern that these 
signals belong to the neutral VgJ with S=l. The lines 
are accompanied by the pair of the hyperfine (HF) lines 
with a splitting of 0.29 mT due to the HF interaction 
with twelve equivalent Si atoms of the second shell of 
the Si vacancy. As expected, under optical pumping at 
100 K, the intensity of the EPR spectra grew substan- 
tially and a phase reversal was observed for one of the 
two transitionsiS. 

Flash-induced cw DD-EPR signals of the VgJ recorded 
at room temperature in the 4H-SiC crystal for two orien- 
tations of magnetic field: parallel (B|jc) and perpendic- 
ular (B_Lc) to the c axis are shown in the upper part of 
the Fig.l. The sample was selectively excited into the ab- 
sorption band of the Vg^ at 890 nm. The same type of the 
EPR signal was also observed with the excitation light at 
wavelengths of 865, 900 and 917 nm. Vertical bars indi- 
cate the positions of the lines for the VgJ vacancy in the 
h site for the parallel and perpendicular orientations. 

Observed DD-EPR spectra can be described with stan- 
dard spin Hamiltonian 

H = g^iBBS + DiS^^ + l/3SiS+l)) (1) 

where /is is the Bohr magneton, g - is the isotropic g- 
factor (g=2.0032), S=l. For 4H-SiC the zero-field split- 
ting parameter D of the Vg? was found to be 22xl0~* 
cm-i (65.9 MHz) for the h sitoi^. 

For the high field transitions the emission instead of 
absorbtion is detected, thus we can conclude that optical 
excitation at room tempearture results in establishment 
of the inverse population between certain sublevels, i.e. 
optical alignment of the ground spin sublevels. Zeeman 
levels diagram for the Vg? ground state is shown in Fig. 
1(b). The populations of the ground state energy sub- 
levels under optical pumping are indicated by different 
numbers of filled circles. The emission observed for the 
high-field component of the EPR spectra is due to pre- 
dominant population of the Ms=0 sublevel. 

To explain the photokinetic process leading to the spin 
alignment under optical pumping, we adopt the seven- 
level model proposed in Ref for the NV centers in di- 
amond and adopted in Ref to explain observed DD- 
EPR spectra of Vg; under optical pumping, which sug- 
gests the existence of the non-radiative recombination 
channel. Level diagram shown in Fig. 1(c) comprises 
•^A ground state, "^E excited state for which only three 
lower sublevels are depicted, and one singlet ^A state. 
Optical transition between the ^A and '^E states is spin 
conserving (solid lines in Fig. 1(c)). In addition, triplet- 
singlet intersystem crossing (ISC) due to the spin-orbit 
coupling between '^E and ^A levels occurs. The centers 
in the M5=±l sublevels have significantly higher prob- 
ability to undergo the ISC, thus, the rate r23 of the non- 
radiative transition from the M5=±l sublevels of the 
excited '^E state to the metastable singlet ^A state is 
much larger than the rates of the transition from the 
Ms=0 sublevel. Subsequent decay from the ^A to the 
Ms=0 sublevel of the '^A ground state also occurs with 
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FIG. 2. Transient nutations for the Vsl center in 4H-SiC 
at room temperature are shown for three values of mi- 
crowave power; the positive traces stand for absorption 
(-Bo=321.5 mT), and the negative traces - for emission 
(i3o=323.8 mT) of microwaves. Absolute mw power value 
is estimated as ca. 5 mW at 10 dB attenuation; (inserts) 
Corresponding Fourier transform. 

the higher rate (^31) than that between and A/g^il. 
As a result the Ms=0 sublevel becomes predominantly 
populated. As the Ms=0 sublevel has a higher proba- 
bility of fluorescence due to the non-radiative nature of 
the ISC, the fluorescence intensity between and ^A is 
spin-dependent. The discussed scheme is true for the Vsi 
center in the /i-site of the 4H-SiC lattice at room tem- 
perature and is similar to the NV defects in diamond. 
This type of polarization results in a giant decrease of 
the photoluminescence intensity observed in the ODMR 
experiments in zero magnetic fieldiS. 

In Fig. 2, the transient nutations for the VgJ center 
in 4H-SiC at room temperature are shown for three val- 
ues of microwave power P at i?o=321.5 mT (top) and 
i3o=323.8 mT (bottom). In the experiment, the mi- 
crowave absorption intensity resonant with the spin tran- 
sitions for two EPR lines (Fig. l,(B_Lc)) is monitored as 
a function of the time duration (t) after optical flash. 
The transition nutation decays due to inhomogenity of 
Bi microwave field over the sample. In addition, the 
resonance frequencies are also spread around some mean 
value of resonance Larmor frequency <wo> leading to 
the inhomogeneous line-broadening. 

Clearly, the observed oscillatory behavior demon- 
strates that the probed Vg; spin ensemble can be prepared 



in a coherent superposition of the spin states at resonant 
magnetic flelds at room temperatures. The population 
difference of spin states becomes modulated in time with 
the Rabi frequency given by U!i= 7eBi, where 7e is the 
gyromagnetic ratio for electron. The Fourier transforms 
corresponding to observed ocillations are presented in the 
inserts of Fig. 2. The Rabi frequencies are a;i=0. 02 MHz, 
0.16 MHz, and 0.5 MHz at P=30 dB, 20 dB and 10 dB. 
Rabi oscillations decay with a characteristic time con- 
stant Tfl that depends on the microwave power (Fig. 2). 
Empirically, is generally smaller that the coherence 
timei^ (T2 ) , thus the lower limit of T2 is determined to 
be of about 80 ^m at room temperature. 

Transient nutation experiment allows to establish the 
fact that the coherence can be created. From this experi- 
ment the pulse duration for the application of a 7r/2-pulse 
and a tt -pulse can be established. It follows that the 
length of a tt/ 2-pulse is approximately 1 fis for microwave 
power of 10 dB and 4.2 /is, respectively, for 20 dB. This 
information will be of crucial importance for electron spin 
echo and ODMR experiments at room and above room 
temperatures. 

Figure 3 shows the flash-induced cw DD-EPR signals 
in the 6H-SiC crystal detected at room temperature and 
100 K in B_L c orientation of magnetic held. The sample 
is selectively excited into the absorption band of the Vg^. 
Vertical bars indicate the positions of the lines of the 
Vg! vacancy in the hexagonal h and two quasi-cubic sites 
(fcl,fc2). Conventional cw X-band EPR spectra of the Si 
vacancies detected under continuous optical illumination 
and in dark with B_Lc at 100 K is shown at the bottom 
for comparison. The spectra are described with standart 
spin Hamiltonian (eq. (1)) with D = 42.8x10"^ cm^^ 
(128.3 MHz) and QxlO^^ cm-^ (26.9 MHz) for h and k 
sites of 6H-SiC, respectivcljii^. 

As can be seen from Fig. 3 another type of the opti- 
cal alignment is realized for the Vg| in the /i-site in the 
6H-SiC at room temperatur e^' To explain the emissive 
nature of the low-field transition, Zecman levels diagram 
for the Vsi ground state is shown in the inset (Fig. 3). 
The population differences between sublevels are indi- 
cated by the different numbers of circles. Such popula- 
tion differences induced by the optical pumping can be 
explained if we suggest the existence of spin-dependent 
non-radiative decay path via ^E level in the optical cy- 
cle. The decay rate r23 from the M5=±l sublevels of 
the excited '^E state to the metastable ^E statoil is again 
much larger than the rates of transition from the M s~0 
sublevel, but, on contrast to the Vsi in 4H-SiC, the rates 
of the transitions r^i between the ^E state and Ms=Q 
sublevel of the ground state are much smaller than the 
rates of the transitions from the ^E to the M5=±l sub- 
levels of the ground '^A state. Thus, the spin sublevels 
with Ms=±l of the "^A ground state are predominantly 
populated. This type of polarization results in a giant 
increase of the photoluminescence intensity observed in 
the ODMR experiments in zero magnetic field^iiS. 

As was noted the spin state of the silicon vacancy is 
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FIG. 3. Flash-induced cw DD-EPR spectra recorded at room 
temperature and 100 K in the 6H-SiC crystal under excita- 
tion at 890 nm for B±c orientation; (bottom) Conventional 
cw X-band EPR spectra detected under continuous optical 
illumination and in dark with B_Lc at 100 K; (a) Structure 
of the 6H-SiC polytype; (b) Zeeman levels diagram for the 
Vg; ground state (5=1); AIs = ±1 sublevels predominantly 
populated due to the optical alignment. 



still under debate. However, there is no doubt that the 
high-spin state is the ground state of the silicon vacancy 
thus the similar alignment processes can be valid for the 



5=3/2 system. In principle the mechanism of spin align- 
ment should remain almost the same with the only dif- 
ference that the M5=±l and Ms=0 sublevels should be 
replaced by M5=±3/2 and M s=±l/2, respectively. For 
this model M5=±l/2 sublevels should be equally pop- 
ulated and the existence of a metastable doublet state 
instead of singlet state should be assumed. 

To conclude, optically induced inverse population of 
the ground state spin sublevels of the simplest intrinsic 
defect that can be designed in the nuclear magnetic mo- 
ment free surrounding, Si vacancy in 4H- and 6H-SiC, 
was observed for the first time at room temperature. In 
distinction from the known NV defect in diamond^, and 
recently observed defects in SiG^, two opposite schemes 
for the optical alignment of the populations of the spin 
sublevels in the ground state of Vg! in 4H- and 6H-SiC 
were observed at room temperature upon illumination 
with unpolarized light. Based on the measured transient 
nutations of the EPR signal intensity estimated coher- 
ence time is expected to be longer than 80 fxs at room 
temperature. Zero-field splitting parametres for Vg"; in 
4H- and 6H-SiC are much lower than that of the NV cen- 
ter in diamond {D—2.87 GHz for NV center) and recently 
observed defects in SiC. Thus the Vg! can be manipu- 
lated by the low-energy radiowave quanta in the range 
of 20-150 MHz, depending on the position of the silicon 
vacancy in the crystal lattice, which is one-two orders 
of magnitude lower than the energy required to manipu- 
late the NV defect in diamond and neutral carbon-silicon 
divacancy in SiC. 
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